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A wake model fo r  the f ree-s t reaml ine  theory i s  proposed to t rea t  the two- 
dimensional flow past an obstacle with a wake o r  cavity formation. In this 
model the wake flow i s  approximately described in the la rge  by an  equivalent 
potential flow such that along the wake boundary the p r e s s u r e  f i r s t  a s sumes  
a prescr ibed  constant under-pressure  in a region downstream of the separa-  
tion points (called the near-wake) and then increases  continuously f r o m  this 
under-pressure  to the given f ree  s t r eam value in an infinite wake s t r ip  of 
finite width (the far-wake).  The boundary of the wake trail ing a lifting body 
i s  allowed to change i ts  slope and curvature a t  finite distances f rom the 
body and i s  required to be parallel  to the main s t r e a m  only asymptotically 
a t  downstream infinity. The p res su re  variation along the far-wake takes 
place in  such a way that the upper and lower boundaries of the far-wake 
form a branch slit of undetermined shape in the hodograph plane. One 
advantage of this wake model i s  that i t  provides a ra ther  smooth continuous 
transit ion of the hydrodynamic forces  f rom the fully developed wake flow to 
the fully wetted flow as  the wake disappears.  When applied to the wake 
flow past  an inclined flat plate,  this model yields the exact solution in a 
closed fo rm for  the whole range of the wake under-pressure  coefficient. 
'The separated flow over a slightly cambered plate can be calculated by a 
perturbation theory based on this exact solution. 
1. Introduction 
F o r  the physical flow of a rea l  fluid past  a bluff body, experimental 
observations indicate that the flow generally separates  f rom certain points 
of separat ion on the obstacle ,  resulting in a wake formation, o r ,  in the case 
of the cavitating flow of a liquid medium, a vapor-gas cavity occupying a 
near-wake region. Striding ac ross  the separated s t reamline there is  the so- 
called f r ee  shear  layer  which i s  known experimentally to be thin and usually 
quite steady within a cer tain distance downstream of the separation point. 
In the case of one-phase flows (such a s  a i r ) ,  the flow velocities vary rapidly 
a c r o s s  the shear  layer  compared with their  changes along the s t reamlines.  
In the case  of cavity flows, there  also exist  f ree  s t reamlines which fo rm 
the cavity boundary and thereby partition flows of two different densit ies.  
The vorticity in these shea r  layers  i s  fed partly f rom the boundary layer  in  
front  of the separation point and partly f rom the reversed  flow inside the 
wake. In view of the fact that the boundary layer  over the body and the 
separa ted  shear  layer  a r e  thin, the flow exter ior  to this region may be con- 
s idered  i r rotat ional  a s  a f i r s t -order  approximation, and the boundary of 
this potential flow may be approximated by the body surface and the f ree  
s t reaml ine .  F o r  this reason this par t  of the wake will be called the "near- 
wake" ,  o r  the "free s t reamline range". The p res su re  in such a region is 
in general  approximately constant, which will be called the wake under- 
p r e s s u r e ,  o r  the cavity p r e s s u r e  in case of cavity flows. 
In the fur ther  downstream, however, the shea r  layer  gradually be- 
comes broader  a s  the vorticity diffuses and at  the same time non-uniformity 
of the p r e s s u r e  distribution ac ross  the layer  increases .  As a resu l t ,  these 
shea r  l aye r s  become unstable and do not continue smoothly f a r  downstream, 
but rol l  up to f o r m  vort ices  o r  become directly the region of turbulent mix- 
ing. In the case of one-phase flows, the vortices formed a r e  ra ther  order ly  
within a cer tain range of the Reynolds number (e.  g . ,  for a c i rcu lar  cylin- 
d e r ,  this  range of the Reynolds number,  based on the d iameter ,  may span 
5 f rom 40 to 10 o r  more ) .  The vortices a r e  shed alternately on each side 
of the body with a charac ter i s t ic  frequency to form Karman vortex s t ree t .  
These vort ices  mix and diffuse rapidly and a r e  eventually dissipated in the 
wake. In the case of cavitating flows, ra ther  regular  vortex wakes behind 
the cavity a r e  usually observed also. In the consideration of the stability 
of the cavity boundary, the analysis of the Helmholtz instability of the slip- 
s t r e a m s  shows that smal l  perturbations in them grow exponentially. The 
rate  of growth i s  roughly proportional to ,/pl/p where p'  is  the sma l l e r  
of the densit ies on the two sides  of the s l ips t ream ( see ,  e , g . ,  Birkhoff and 
Zarantonello (1957) ) ,  This provides the reason why the cavity s l ip s t r eam 
generally appears  l e s s  unstable than the f ree  shea r  l aye r s  in one-phase 
wake flows. After the cavity closes ,  however, the flow i s  rather  s imi l a r  
in nature to the ordinary wake flows, In such a range, the shape of the f ree  
s t reamline cannot be determined definitely and (with a constant ups t r eam 
velocity) the wake flow i s  only stationary in the mean. This pa r t  of the wake 
will be called the "far-wake", o r  the "mixing range". In between the n e a r  
and f a r  wakes there  may exist  a transit ion region in which the separa ted  
f r ee  s t reaml ines  f r o m  the two sides of the body reat tach to each other .  
Along the f a r  wake the mean p res su re  increases  gradually f r o m  the wake 
unde rp res  su re  (o r  the cavity p res su re )  and finally recovers  the main s t r e a m  
p r e s s u r e  a t  the downstream infinity. 
As pointed out above, it may be expected on physical grounds that  
the flow outside the obstacle and the near-wake region may be approximated 
with good accuracy by a potential flow. Only when the attempt i s  made to 
extend this approximate potential flow to large distances f rom the body (in- 
cluding the far-wake) do the various wake flow and cavity flow models a r i s e ,  
such a s  the Riabouchinsky model, (Riabouchinsky, 1920) the re -ent rant  jet 
model,  (see,e.  g . ,  Kre ise l ,  1946; Gilbarg and Ser r in ,  1950) and the Roshko 
wake model (Roshko, 1954, 1955). Some physical significances of these 
models have been discussed by Vlu (1956). In each of these flow models an 
ar t i f ice  of some s o r t  i s  invariably introduced to admit the under-pressure  
coefficient a s  a f ree  pa ramete r ,  to account for  the essential  feature of the 
wake flow that the very complicated process  of dissipation always takes 
place due to the viscous effects in the wake, and to replace the actual wake 
flow of the rea l  fluid by a simplified device within the framework of an 
equivalent potential flow. The validity of these flow models will therefore 
have to be justified by the i r  agreement with experimental observations of 
the actual flow field nea r  the body a s  well a s  the hydrodynamic forces  and 
moments acting on the body. 
The problem of the steady, fully cavitated plane flow past  a lifting 
hydrofoil of a rb i t r a ry  shape has been t reated by Wu (1956), adopting the 
Roshko model (for i ts  relative mathematical simplicity) and using a 
generalized Levi-Civita method for curved b a r r i e r s  in cavity flows. In the 
application of the general theory,  two specific examples were ca r r i ed  out 
for the inclined flat plate and circular  a r c  hydrofoils. The resul ts  in both 
cases  a r e  found in very good agreement with the experimental resul ts  of 
Pa rk in  (1 956) for  the case when the cavity i s  longer than the hydrofoil. 
This theory,  however, is  unable to predict  the conditions under which the 
cavity te rminates  in front of the trail ing edge (the so-called part ia l  cavity 
flow), and also fails to provide a correction to the hydrodynamic forces  for 
such case .  Fur the rmore ,  when this theory was l a t e r  applied to hydrofoils 
of a r b i t r a r y  shape the details of the numerical procedure was found to be 
quite complicated and the numerical instability was observed by this author 
on occasions.  The Roshko model has also been applied by Mimura (1958) 
to t r e a t  the wake flow past  an oblique flat plate,  yielding resu l t s  in good 
agreement  with the experiments of Fage and Johansen (1927) for  incidence 
0 0 
angle cu grea te r  than 30 . Some deviation appears ,  however, for a = 15 
when the constant p r e s s u r e  near-wake becomes shor te r  than the plate,  The 
drawbacks observed in  these applications of the Roshko model promoted the 
present  investigation which i s  a imed to remove these difficulties and to 
achieve fur ther  simplifications of the unnecessary details of the physical 
flow. 
In o r d e r  to develop a theory for the wake flow o r  cavity flow in which 
the region of constant p res su re  may have an a rb i t r a ry  length, a plane wake 
flow model is  proposed h e r e  with the following physical assumptions: 
( i )  The ent i re  separated wake region i s  postulated to be bounded by two 
smooth f r ee  s t reaml ines ,  each of which consists of two different par t s .  
The f i r s t  par t  covers  the near-wake region which s t a r t s  f r o m  the separation 
point down to a cer tain point which is  determined f r o m  the theory. The 
p r e s s u r e  along this par t  a s sumes  a given constant value, PC the wake 
under -p res su re  o r  the cavity p res su re .  The value of p will be assumed 
C 
to be l e s s  than the f r ee  s t r e a m  p r e s s u r e ,  pm9 throughout this work. 
Along the remaining par t  of the f ree  s t reamline the p res su re  i s  assumed 
to change continuously f rom p to pm at the downstream infinity. C 
( i i)  The only kinematic condition on the f ree  s t reamlines in the physical 
plane i s  that they become asymptotically paral le l  to the main flow a t  infinity. 
( i i i)  The flow outside the wake is  assumed inviscid and irrotational,  
(iv) The images of the var iab le -pressure  pa r t s  of the two f r ee  s t reaml ines  
in  the velocity plane (o r  the hodograph plane) a r e  a s sumed  to f o r m  a branch 
s l i t  of undetermined shape,  This will be r e f e r r e d  to a s  the "hodograph- 
s l i t  condition". Although this assumed flow configuration becomes too over -  
simplified and hence invalid in  the far-wake,  i t  i s  to be expected that  the  
rough approximation of the far-wake will bea r  no predominant influence 
on the actual  flow field nea r  the body. 
This wake model will now be applied to t r e a t  the wake (o r  cavity) 
flow past  a n  oblique flat plate. The wake flow will be called fully developed 
( o r  fully cavitating in ca se  of cavity flows) if the region of the constant 
p r e s s u r e  near-wake extends beyond the t ra i l ing edge of the plate,  and will 
be called par t ia l ly  developed (or  par t ia l ly  cavitating) i f  the near-wake region 
te rmina tes  in front of the t ra i l ing edge. F o r  brevity these two flow reg imes  
will a l so  be called the full wake flow and the par t ia l  wake flow. The l a t t e r  
ca se  will be t r ea t ed  separately  in pa r t  B ,  in which case  the constant p r e s s u r e  
p a r t  on the lower  f r e e  s t reaml ine  disappears .  F u r t h e r m o r e ,  these  ana lyses  
may be uti l ized to  t r e a t  the wake flow pas t  a plate with a smal l  camber ;  the 
resul tant  flow may be considered a s  a smal l  per turbat ion with respec t  to the 
bas i c  (nonlinear) flow pas t  the flat  plate. The t rea tment  of this l a s t  p roblem,  
however,  will be postponed to  a future paper .  
I t  remains  to  s ta te  that  the presen t  f r ee  s t reaml ine  theory i s  appli-  
cable to  both the wake flows in  one-phase medium (such a s  in  a i r )  and the 
cavity flows in  water  since the presen t  theoret ical  resu l t  i s  found in  good 
agreement  with the experimental  observations of Fage and Johansen, which 
deals  with the wake flow in  a i r ,  and Park in ' s  exper iments ,  which a r e  con- 
cerned  with cavity flows in  wa te r .  However,  i t  may be conjectured that  
i n  the unsteady flow case there  would exist  a marked  difference between the 
one-phase wake flow and the cavity flow pas t  the s ame  obstacle a t  equal 
values of the wake under -pres  s u r e  coefficient and the corresponding cavita- 
tion number .  One argument  in support  of this contention i s  that  the iner t ia l  
effects due to the fluid m a t t e r  inside the one-phase wake and that  ins ide the 
vapor-gas  cavity in a liquid have different specific densit ies and hence bea r  
different dynamic influences on the corresponding flow in unsteady motion. 
A. FULLY DEVELOPED WAKE FLOWS AND CAVITY FLOWS 
2 .  Analysis of the Flow Field 
Adopting the present  wake model, we consider specifically the 
s teady,  irrotational plane flow of an  incompressible fluid, with f r ee  s t r e a m  
velocity U and p r e s s u r e  p impinging on an  oblique flat plate such that 
00' 
the flow i s  separa ted  f r o m  the leading edge A and trail ing edge B, fo rm-  
ing two f r e e  s t reaml ines  ACI and BC'I which a r e  assumed to become 
asymptotically paral le l  to the main s t r e a m  a t  the downstream infinity I 
( see  Figure 1).  The shape of ACI and BC'I in  the physical plane i s  other-  
wise unknown 2 pr io r i .  We adopt a Cartesian coordinate sys tem (x ,y ) ,  
with the x-axis lying along the plate AB and the or igin a t  the leading edge 
A. The flow outside the wake i s  assumed inviscid and i r rotat ional ,  hence 
t h e r e  exis ts  a velocity potential , As usual,  we introduce the complex 
var iable  z = x + iy,  the complex potential f (z)  = + iq  , and the com- 
plex velocity 
- iQ 
w(z) = df/dz = u - iv = q e  (1) 
where  u ,  v a r e  the x, y-components of the velocity, q =iwl, and 0 i s  
the inclination of the velocity vector to the x-axis.  Let cu be the angle of 
a t tack of the plate,  then 
The kinematic  and dynamic conditions on the f r ee  s t rearnl ines  
ACI and BCII a r e  imposed a s  follows. We as sume  that the p r e s s u r e  
P = PC ,< P, along AC and BCf , ( 3) 
and that  p va r i e s  continuously and monotonically f r o m  p to pm along 
C 
CI and C'I, F r o m  (3) and the Bernoulli equation i t  follows that 
q = const. - 
- qc along AC and BC1 , ( 3a) 
so  that the Bernoulli equation of the external  flow may be wri t ten 
Since the points C and C1 a r e  located on the two branches of the s a m e  
stagnation s t reaml ine  $' = 0, and since they a r e  the end points of a con- 
stant p r e s s u r e  region, we obviously have 
F o r  the co.mplete determination of the points C and C ' ,  we no introduce 
the assumptions that the potential and the flow inclination 0 have 
respectively the same values a t  C and C': 
Equations (5a)  and (5b) can be combined a s  
In the far-wake region bounded by s t reamlines  CI and CII ,  the flow i s  
assumed to be dissipated in such a way that p and w on the boundary CI 
and C'I change monotonically f rom p and w eventually recovering 
C c' 
their  main s t r e a m  values p and w at  the downstream infinity. The 
a3 0 
images of the f r e e  s t reaml ines  CI and CII ,  on which $ = 0, i s  fur ther  
a s sumed  to f o r m  a branch s l i t  (of undetermined shape) in  the hodograph 
w-plane so that the flow field in the hodograph plane will be simply con- 
nected and simply covered. This condition i s  called the hodograph-slit 
condition. The locations of C and C1 in the physical plane a r e  otherwise 
unknown a p r io r i ,  and must  be determined a s  a pa r t  of the problem. The 
postulated configuration of the fully developed wake flow (o r  cavity flow) 
requi res  that Re(z - z ) 2 0; otherwise the wake flow becomes partially C' B 
developed. Aside f r o m  this phenomenological description of the f r e e  
s t r eaml ines ,  the details  of the flow within the wake (presumably viscous 
and rotational) a r e  otherwise immater ia l  in  connection with the ex te r io r  
flow and hence will not be ~ u r s u e d  fur ther  in  the present  work. 
It may be pointed out he re  that in the previous t rea tment  of s i m i l a r  
flow problems by Wu (1956) and Mimura (1 958), the two conditions in (5b) 
were  replaced by 0 = o and QC1 = n, and the hodograph-slit condition C 
was reduced to the special  f o r m  that CI and CII  become straight l ines  
paral le l  to the main flow. The reasons for adopting the present  conditions 
a r e  f i r s t ,  this model gives a reasonably good description of the flow out- 
side the wake in comparison of the actual flow visualization; second, use  
of these  conditions provides a rather  smooth transit ion to the part ia l  wake 
flow; and last ly ,  the present  flow model resul ts  in a simplified analysis 
for the problem. The validity of the present  theory of course may only be 
justified by i t s  agreement  with the experimental resu l t s .  
F o r  simplicity, both the plate length and the constant speed q 
C 
on the cavity wall will be normalized to unity so  that f rom (4) we have 
where 
The dimensionless pa ramete r  d i s  usually called the wake under-pressure  
coefficient, o r  the cavitation number for cavity flows; this pa ramete r  
charac ter izes  the wake flow. In fact,  the different flow regimes of the fully 
and partially developed wake flows can also be indicated by different ranges 
of 0' 0 
Several  strearnlines $ = const. in the w-plane a r e  i l lustrated in 
F igure  1. Under the normalization q = 1 and the hodograph-slit condition, 
C 
the bounding strearnline = 0 forms the boundary of the semi-  c i rc le  of 
unit radius in the lower half w-plane and the s l i t  CIC'; the ent i re  flow i s  
mapped onto the inter ior  of the simply-covered semi-circle .  It i s  conven- 
ient to introduce the pa ramet r i c  < -plane, defined by 
with the inverse t ransformation 
for which a branch cut i s  made along the 4 -axis between = -1  and 1 ,  
2 
the branch i s  chosen such that ( - ) -  , and hence w --+- 0, 
a s  4 -+- oo. By the t ransformation (8) the ent i re  flow i s  mapped onto the 
lp 
upper half 4 -plane, with the point w = ~ e - ~ ~  mapped into 
0 
1 - 1 1 1 icy G o = ,  (W t w ) =  - ( -  e t ~ e - ~ ~ )  . 
0 0 2 u 
Since $ = 0 on the ent i re  real  < -axis ,  the complex potential f ( <  ) can be 
continued analytically into the lower half < -plane by 
F r o m  the asymptotic behavior of the s t reamlines l,b = const. passing 
through the point I ,  it  i s  evident that f (  I f S  ) must  have a simple pole a t  
< = . The function f (  ) i s  regular everywhere e l se  in the upper half 
0 
< -plane; in par t icu lar ,  f = 0 a t  = oo. Let the complex constant k be 
t h e r e s i d u e o f  f ( ( )  a t  andcons ide r the func t ion  g ( < ) = f ( < ) -  
0 )  
- 
- - - ( - ) By virtue of (10) i t  i s  obvious that 
- 
0 
g( C ) = g( 1;3 whereby g (  < ) i s  continued analytically into the ent i re  < -plane. 
But g( P, ) i s  seen  to be bounded everywhere in the < -plane and hence must  
be a constant by Liouville's theorem. This constant i s  zero since g = 0 a t  
L, = oo. Therefore we have 
Since a smal l  c i rc le  (counterclockwise) around D in the f-plane i s  mapped 
into a l a rge  semi -c i r c l e  (clockwise) in the -plane, it follows that f - 0 
r - 2  like c, a s  I <  1 . To ensure this we must  have k + I; = 0, o r  k i s  
purely imaginary. Hence the above equation may be written 
where A i s  a r ea l  constant. Since $ = 0 on the l ines CI and CII ,  we 
- 
must  have a r g (  < - < o)  + a r g (  < - 5 ) = 0 for lying on these l ines;  
0 
hence CI and C'I a r e  straight l ines parallel  to the imaginary -axis .  
In par t icu lar ,  a t  C and C' ,  we find 
w 1 
= 4 , = R e  (7 - ( u - I  + U)  cos a . C C 0 -  7 
We shall now ass ign  the range of U for  the full wake flow (o r  the 
4 
fully cavitating flow) by the condition that the point C' i s  located down- 
t 
For fur ther  discussion of this condition, see the r emarks  following 
equation (1 7) .  
s t r e a m  of the trail ing edge B y  that i s ,  < C, < cB = 1. The correspond- 
ing range of U i s  determined f rom this condition and the above equation as  
U1 '< U < 1 , U1 = (1 - s i n a ) /  cos a = cos a / ( l  + sin") (1 2a) 
in which the upper l imit  U < 1 follows f rom the physical condition 0 
( see  Equation 7a). F r o m  (7a) and (12a) we find for the full wake flow 
Note that Wlw2a a s  o -+ 0, and VIU 4 (a  - IT/ z ) - ~  a s  a + 2 Thus 
for a given a ,  0 < a <IT/ 2, U has  a lower l imit  U (a)  and w has an upper 1 
l imit  d (a) for  the fully developed wake flow, Let W = e 1 a t  C and C ' ,  
then f r o m  (8),  
1 -1 C O S T  = Sc = z (u + U) c o s a  . ( l  3) 
This equation a s s e r t s  that 0 ,< Td ,( a for U lying in the range (1 2a). Thus 
the flow inclination 7 a t  C and C' i s  always l e s s  than i t s  f r e e  s t r e a m  
value a;  they a r e  equal only when U = 1. 
Combining (8), (9)  and ( l l ) ,  we obtain 
where w i s  g ivenby (2) ,  We see  he re  that the present  model yields the 
0 
complex potential a s  a one-valued analytic function of w in a closed fo rm.  
The above solution can actually be written down directly by the following 
argument ,  As previously explained, f has  a simple pole a t  w = w * 
0' 
this i s  the f i r s t  fac tor  in the denominator of (14). The second factor 
(w - w ) i s  the reflection of the f i r s t  pole into the rea l  w-axis so that 0 
Jb = 0 on the r ea l  w-axis.  The remaining factors  may be written a s  
- 1 -1  - (w - wo) (W - w0), which a r e  the reflection of the f i r s t  two factors  into 
the unit c i rcle  wG = 1 so that = 0 on Iw 1 = 1. Fur the rmore ,  f has  
2 
only one ze ro  in the ent i re  flow and that f = O(w ) a s  w -+ 0 i s  obvious 
f r o m  the local analytical behavior of f near  w = 0. This argument leads 
exactly to (14). It i s  convenient, however, to r e fe r  on occasions to the 
variable  < and the pa ramet r i c  solution (8) and (11). 
The physical plane z i s  determined by integration 
which gives 
r 
, 1 - 
z(w) t a = - f ( w ) t i B  :I-=---- - w 1 1 
W log (w-w 0 1 - w 0 log (w - T)] i' wo O 
where the constant B i s  given by 
A/B = 2 ( U ' l - u )  s i n a  (wO-l/wO) (%-l/%) 
The rea l  constant a in (15b) i s  equal to the value of the right hand side a t  
w = -1 so that z = 0 a t  the point A. This resul t  shows that z(w) has  a 
- 
simple pole and a logarithmic singularity at  the points w w 1 /wo, 1 /Go. 0 '  0' 
The logarithmic singularities of z(w) a r e  admissible since the flow does 
not cover the ent i re  z-plane due to the infinitely long wake. In o rde r  that 
z(w) will be single-valued in the flow region, two branch cuts a r e  introduced 
in the W-plane, one f rom w along IC to 1 /Go, the other being the 
0 
reflection of the f i r s t  cut into the rea l  axis.  (Since w = oo i s  a lso a logarith- 
mic  branch point of z(w), a third branch cut i s  necessary  between w = oo 
and any one of w 1 /wo, 1 /% But this cut can be made entirely outside 0 '  
the flow region in the w-plane.)  Now since the plate has unit length, 
( 1  - ( - 1  = 1 The resul t  of this calculation gives 
-1 2 2 -1 2 2 - 1 
K = 2  ( U  to) t (2cos  a) rr(u-'tu) , ( U  t u )  - ( 2 ~ 0 s  a)
+ ~ s i n a  tan- ' (u&) (u - l tu f  - (2  cos a? (u-'-u) sin a 
(1 6b) 
This  re la t ion  de t e rmines  the coefficient A ,  and t he r e fo r e  completes  the  
solution.  It i s  noted that  A and B a r e  posit ive r e a l  constants .  
When the point w moves  along the cut f r o m  C' to I and back  to  
C,  the function log (w - wo) i n c r e a s e s  by 2 6  while the o the r  functions 
i n  ( 1  5b) r e cove r  t h e i r  o r ig ina l  va lues .  Hence 
- 
z - z = ( 2 n ~ / w ~ )  (Go - l / w  ) = - 2nB ( U - ~ - C O S  2~ - i s i n  2a) , (17a) C C'  0 
which shows that  x < x C C" that  i s ,  the project ion of the  point C on  the  
p la te  i s  always u p s t r e a m  of C' .  Consequently,  a s  the cavitat ion number  
i n c r e a s e s  (U d e c r e a s e s ) ,  the  point C will p a s s  ove r  head  the t ra i l ing  
edge B before  the  point C' will r e a c h  B a t  U = U1 ( s e e  equation 12) .  
I t  wil l  be  s e e n  l a t e r  that  i n  o r d e r  to have a smooth t r an s i t i on  to the  par t i a l  
wake flow r eg ime  t r e a t e d  below, we should adopt f o r  the  range  of fully 
developed wake flow, i n s t ead  of (1  2), the condition Re z  > Re zB, and  C '
t h en  cons ider  a d i f ferent  flow r eg ime  a f t e r  xC  becomes  equal  to  x and B 
be fo re  the  point C1 r e a c h e s  the  t ra i l ing  edge B.  However ,  it is found 
t ha t  the  hydrodynamic f o r c e s  in  the p r e s e n t  c a s e  given below i s  continuous 
even  f o r  U < U although the flow configuration fo r  U < U  is no longer  1 ' 1 
the  full wake flow under  considera t ion.  F r o m  the  numer i ca l  r e s u l t s  it wil l  
be  shown that  the t r ans i t ion  to the  pa r t i a l  wake flow c a s e  can  be  in terpola ted 
v e r y  smoothly ,  e spec ia l ly  when the incidence angle a i s  s m a l l ,  The re fo r e  
f o r  the  p r ac t i c a l  pu rpose ,  condition (12) m a y  be  u sed  as the approx imate  
r ange  of U i n  the  full wake flow r eg ime .  The final r e s u l t  i s  given by (27c).  
The t r a n s v e r s e  d i s tance  between the points C and C V n  the  
d i rec t ion  no rma l  to the m a i n  flow i s  
Th i s  quantity m a y  be  compa red  with the l a t e r a l  spacing of the  Ka rman  
v o r t e x  s t r e e t  behind the oblique pla te .  
3, Lif t  and D r a g  
With qc  no rma l i zed  to unity,  the p r e s s u r e  di f ference (p - pc) m a y  
be  wr i t t en ,  f r o m  (4), a s  
Let the x- and y-component of the hydrodynamic force acting on the plate be 
denoted by X and Y ,  then 
where in the l a s t  s tep the contour of integration i s  extended to CABC' since 
w w  = 1 on AC and BC'. The f i r s t  t e r m  of the l a s t  integral i s  simply 
by using (1 7a). The complex conjugate of the second t e r m  of the integral  in 
(19) i s  
1 
X2 - i Y 2  = 7 i p  J - dZ ww -- d T =  - wdf = i p A f d w  d7- 
CAB C1 
J"' 
CABC' 
since f i s  purely rea l  on CABC' . The l a s t  s tep i s  obtained by integration 
by pa r t s  and by making use  of condition (6); the corresponding contour in  the 
w-plane i s  counterclockwise around the semi  unit c i rcle .  Now the integrand 
i s  analytic, regular  everywhere inside the contour except a t  the s imple pole 
w = w . Hence, by applying the theorem of residues,  
0 
Combining X1 t i Y and X2 t i Y to obtain X t i Y ,  we find 2 
Therefore the hydrodynamic force ac ts  normal  to the plate,  of magnitude Y .  
The normal  force coefficient i s  defined, a s  usua1,by C = Y /  (2 p N ? c )  
where i s  the plate length (which i s  set  to unity present ly) .  Hence f r o m  
(20), (1 5c) and (1 6),  we obtain 
- 1 2 CN = rr(U t U)  I (KU sinrr) , (21) 
where K i s  given by (16b). The lift and drag coefficients a r e  of course 
The coefficients C and C a r e  plotted versus  the under-pressure  co- L D 
efficient 0' for  severa l  values of cu, a s  shown in Figures  2 and 3. In Figures  
4 and 5 the coefficients CL and C D  a r e  also plotted ve r sus  (Y on a log 
scale  in o r d e r  to incorporate  with the values of C and CD in the part ia l  L 
wake flow case.  Fortunately there  a r e  severa l  experimental resu l t s  available 
for  comparison with the theory. The experimental measurements  of C~ and 
CD f o r  a cavitated flat  plate in a high speed water  tunnel reported by Pa rk in  
(1956) a r e  shown in  F igures  2 and 3. Also included in these figures a r e  the 
experimental data of C and CD for a cavitating flat plate in a f r ee  jet L 
water  tunnel presented by Silberman (1 959). The present  theory over predicts  
slightly these data a t  sma l l  cavitation numbers ,  but the general t rend  of 
agreement  between the theory and experiments may be considered to be good. 
In F igure  4 severa l  values of C derived f rom the experiments made by L 
Fage and Johansen (1927) for  the wake flow of a i r  past  a flat  plate a r e  included; 
these data were  obtained without wall effect correct ions.  A comparison shows 
that the present  theory i s  in excellent agreement  with these experimental 
r e su l t s .  
In the l imit  a s  U --* 1 (o r  F' + 0 ) ,  we find f rom (21) that 
C~ = 2rrsin cu / (4  t .rr sin cu) 
which i s  the famil iar  c lassical  result  of Kirchhoff for  the infinite cavity 
flow pas t  an  inclined laminar .  When the plate i s  s e t  normal  to the flow, 
cr = rr/2, we have by symmetry  that 8 - C - O C '  = rr/ 2 which a r e  the condi- 
tions adopted by Roshko (1 954) in proposing his model. F o r  cu = rr/2, 
we deduce f r o m  (21) that 
- -1  
rr r u3 
- (1 + d) tan- 
u]] (23) , 
which i s  the resul t  of Roshko (1954). 
When the point C1 approaches  B ,  s o  that  the region of constant  
p r e s s u r e  i s  l im i t ed  to only the space  above the  p la te ,  one de r i ve s  f o r  
U = U1 ( s e e  Equation (12) ) and fo r  CY sma l l  the resu l t :  
The re fo r e ,  a s  the full wake flow i s  a t  the t r ans i t ion  to the pa r t i a l  wake 
flow, the l if t  coefficient on the pla te  held  a t  a s m a l l  incidence angle i s  
approx imate ly  half the ae rodynamic  value ZIT@. 
4. P r e s s u r e  Dis t r ibut ion and the F r e e  S t reaml ine  Configuration 
The p r e s s u r e  dis t r ibut ion on the wet ted  and s epa ra t ed  s i de s  of the  
plate i s  r ead i ly  de te rmined  f r o m  (4) and (15),  which provide  a p a r a m e t r i c  
r ep r e sen t a t i on  of p (x ,  y) .  On the s epa ra t ed  s i de ,  p = p c ,  hence 
On the  wetted s ide ,  w i s  r e a l ,  -1 < w < 1 ,  hence f r o m  (4)  and (7 ) ,  
C = 1 - (1 t o ' )  w 2 fo r  - l < w < l ;  
P 
( 25b) 
and  f r o m  (15) ,  f o r  -1  4 w < 1 , 
AU' 2 t AU w x(w) = - 2 ( l t U  + 2 u  cos ,)2 2 (wZ+u - 2w u cos  ,)( l+wZuZ- 2w u cos 0) 
r w  2 2 - 1 - 1 
+ AU'; (w +U -2w U cos  o) ( l+w2u2-2w u cos o) dw J (26) 
- 1 
The above p a r a m e t r i c  solution C (w) and x (w)  i s  shown in  F igu re  6 f o r  
0 P 
a = 29.85 , 49.85O, 69,85O, 90° with the respec t ive  u n d e r - p r e s s u r e  co-  
eff icient  0' = 0 .9  24, 1 .230,  1.  360, and 1 .  380. The corresponding expe r i -  
men t a l  r e su l t s  w e r e  obtained by Fage  and Johansen  (1 927); the m e a n  "base  
p r e s s u r e  coefficient" (Y w e r e  obse rved  exper imenta l ly  f o r  the  wake 
ex&' 
flow in  a i r .  However ,  no co r r ec t i on  due to the  tunnel  wal l  effect  w a s  made  
f o r  t he se  data.  A compar i son  shows that  the p r e s e n t  theory  and the  expe r i -  
ments  a r e  in excellent agreement .  
The shapes of the f ree  s t reamlines AC and BC' can be determined 
- iQ f r o m  (1 5) a s  follows. Along AC, w = e , 7 5: Q <T, 2 being given by 
(1 3 ) ,  we have 
- iQ Along BC' ,  w = e , 0 ,< 8 < 7 , we obtain 
The shapes of the f r e e  s t reaml ines  AC and BCl can be calculated f rom 
these equations for  given a and , 
In par t icu lar ,  the t r ansve r se  distance h between the points C and 
C' in the direction normal  to the main flow, given by (17b), can be expressed  
by using (15c) ,  (16) and (21) a s  
where the plate length 6 i s  res tored  fo r  completeness.  This simple resul t  
can also be derived by a momentum consideration applied to the far-wake 
ICC'I,  This value of h/[ i s  plotted versus  C in Figure 7 for severa l  
values of cu. Also shown in Figure 7 a r e  a few values of h/g calculated 
by Fage  and Johansen (1927), using ~ $ r m & n ' s  tability relation h = 0.281a 
and the measured  values of the vortex spacing "a" The present  theoretical 
resu l t  compares  favorably well with such es t imates ,  although this flow model 
i s  not exp2cted to reproduce any details of the far-wake flow. In the actual 
nleasurements of h / l ,  however, Fage and Johansen reported that h/L? in- 
creases  towards the downstream a s  the vortices diffuse. 
B. PARTIALLY DEVELOPED WAKE FLOWS AND CAVITY FLOWS 
5. The Flow Model; Analysis of the Flow Field 
As described in Section 1, the partially developed wake flow i s  de- 
fined by the configuration that the near-wake of constant pressure  p covers C 
only a part  of the suction side of the lifting plate, which s t a r t s  f rom the 
leading edge A and terminates at a certain point C to the upstream of 
the trailing edge B (see Figure 8). The p ressure  in the wake further  down- 
s t r e am increases  continuously and recovers a t  downstream infinity i t s  up- 
s t r e am value p In order  to describe this type of flow with a good approxi- 
00' 
mation and to render the flow exterior to the wake subject to a simple 
analysis,  the following model i s  proposed. 
The stagnation streamline ID i s  split into two branches, one of 
them follows along the lower surface to the trailing edge B and then fo rms  
a free streamline BI, extending to the downstream infinity I. The other 
branch separates f rom the leading edge A to fo rm another f ree  s t ream-  
line ACBII such that p = pc on AC, with xC < x and that p in- B' 
c reases  monotonically along CB'I. The streamline CB' is  assumed to 
be parallel to the plate,  The point B1 i s  defined by 
Y B =  ' k B l = O  and Re(z B' - z  B ) = 0  , 
Furthermore ,  we assume that the complex velocity w takes the same 
value at B and B', 
w = wB ( = uT say) . B1 (28b) 
This condition implies that the velocity a t  B1 i s  parallel to the plate, and 
that the p ressure  a t  B' and B a r e  equal. Physically i t  i s  conceivable 
that, i f  the wake a t  the trailing edge i s  narrow, the p ressure  cannot vary  
appreciably ac ross  the wake, This condition will be imposed even if the 
0 
wake may be moderately thick. However, for a >45 , the condition 
(28b) would be expected to lose gradually i t  physical significance since 
the non-uniformity of the pressure  distribution across  the wake and over 
the suction side of the flat plate will extend over such a wide region that 
the flow outside the wake can no longer be approximated by this simple 
description. After al l ,  f rom the physical point of view, the partial  wake 
flow would be of interest  only for small and moderate values of a. For  
this reason, our present treatment will be limited to the range 0 < a 4 45O. 
Conditions (28a, b) define the point B' and replace the assumptions 
(5a, b) fo r  the case of full wake flows. The streamlines BI I  and BI will 
again be assumed to fo rm a sl i t  in the hodograph plane (the hodograph-slit 
condition). As in the previous case, the plate length and the constant 
speed q on AC a r e  again both normalized to unity. Since p increases 
C 
monotonically along CBII, the pressure  p at B and B' i s  greater  T 
than p and hence obviously 0 < u  < 1 where u i s  the value of w at 
c ' T T 
the trailing edge B and B1. 
It should be noted that, i f  conditions (28a, b) a r e  to be fulfilled, a 
circulation around the wake must be introduced, and consequently the 
potential f will not have the same value a t  B and Bs .  In fact, we must 
have f B' - f~ = where r is  the circulation around BDACB I .  The 
existence of a circulation i s  an essential feature of the partial  wake flow, 
a s  compared with the previous case; without the circulation the transition 
to the fully wetted flow would be greatly impaired. 
Under the normalization q = 1 and the hodograph-slit condition, 
C 
the flow i s  mapped conformally into the interior of a simply-covered 
semi-circle  of unit radius in the lower half w-plane a s  il lustrated in 
Figure 8. The il lustration i s  self-evident and needs no further elabora- 
tion. 
By the conformal transformation (8) the entire flow i s  mapped into 
- ia, the upper half -plane, with the point w = U e mapped to given 
0 0 
by (9);  the boundary of the semi-circle  in the w-plane i s  mapped into the 
ent ire  r ea l  < -axis.  F r o m  the configuration of the s t p e a d i n e s  near 
P = 5 , i t  i s  again evident that f must have a simple pole a t  5 = < O .  
F'urtherlnore, in order  to satisfy (28a, b) a vortex must be introduced 
a t  < = < F r o m  these singular properties of f and the property (10) 
0 * 
i t  follows that  the solution f ( <  ) mus t  be of the f o r m  
z n f ( <  ) = -- * +  - - i r  log 0 c -  < o  
L - c o  - 7- - '7 T= 0 c - zo 
where  Q (complex in general)  i s  the strength of the s imple  pole and r ( r ea l )  
i s  the circulation about < = . F r o m  the local  conformal behavior of f ( <  ) 
0 
n e a r  < = oo, a s  was explained for  ( l l ) ,  we mus t  again requi re  that  
f = 0 ( < - ' )  a s  < +m. Expanding the right hand side of (29) for  l a r g e  < 
- 1 
and equating the coefficient of < equal to ze ro ,  we obtain the following 
relationship between Q and r : 
where use  has  Seen made of (9).  Let the value of a t  B and B'  be 
r i, T,  then f r o m  (8) the value of w a t  B and B1  i s  
Obviously we must  have < T> 1 so that  0 < uT < 1 fo r  the par t ia l  wake 
flow. The s t r e a r d i n e s  BI and B'I  f o r m  a s l i t  which i s  perpendicular  to 
the r e a l  < -axis  a t  < ,. Then, since a smal l  s emi -c i r c l e  around B in  
I 
the f-plane i s  mapped into a smal l  quar te r -c i rc le  around <, in  the 
-plane,  i t  follows that  d f i d c  = 0 a t  4 = < F r o m  thi: condition T '  
and (30) we obtain 
The physical  plane z i s  determined by the integration 
Carrying out the integration and making use  of (30),  we obtain 
1 log(w-Fo)-G ( 6 - i r  ) log (w- =.-) 1 , 
- w o ( b t i r ) l o g ( w -  --) t , 
W 0 0 W 0 0 
where  
and the r e a l  constant (2.rra) i s  equal to the value of the right hand s ide of 
(33b) a t  w = -1  so that  z = 0 a t  the point A.  The function z(w) has  a 
- 
s imple  pole and a logar i thmic singulari ty a t  the points w o , w o , 1 /wo, 1 /Go. 
In o r d e r  that  z(w) be single valued in the flow field,  two branch  cuts a r e  
introduced in  the w-plane, one f r o m  w along IB and i t s  image path 
0 
( re f lec ted  into the r e a l  w-axis) to w = w the o ther  being the image of the 
0 ' 
f i r s t  cut into the unit c i r c l e  w w = 1 . As the point w t r a c e s  along the cut 
f r o m  B,  around the point w and ends up a t  B ' ,  the function log(w-w ) 
0 0 
i n c r e a s e s  by 2 whereas  the other  functions in  (33b) a r e  unal tered.  
Hence f r o m  (33) 
But condition (28a) requi res  that  (z  -z  ) be purely imaginary,  say B' B 
where  p i s  a r ea l  constant,  By comparison we have 
F r o m  (30),  (33c) and (35) we can solve for  P ,  Q and b ,  giving 
Substituting this equation in ( 32), we obtain 
1 1  2 2  2 (1-U ) sin a S T  = 2 (O  + U )  c o s a t  - 3 (38) 2U cos a (1 -u2  + Z P U  s i n a )  
which i s  determinate for  given U and a. Now application of the condition 
5 T Z  1 to (38) for  the partial  wake flow will lead to a permissible range of 
U fo r  each a,  say 0 ,( U L U  (a)  such that (U , a)  = 1. However, i t  
P T P 
can be verified that U (a) i s  approximately equal to U1 (a)  defined by (1 2) P 
for moderate and small. values of a. In fact,  i t  i s  readily shown that 
1 3  4 T(U1. a )  = 1 + 7 a + O(rr ) a s  a -+ 0. Therefore, the difference be- 
tween U1 and U will not be pursued further,  and 0 < U  < U1 will be  
P 
used a s  the approkmate  range of U for the partial  wake flow. 
Upon substitution of (35)- (37) into (331, we obtain 
2 2 
zn(z+a) / r  = Z U ( ~ - u  ) s i n @  - [ l t w  - 2 w u c o s  a ( l - p ~ s i n a ) ' J  
(uZ+W2-2w u cos a)(l+wZu2-2w u cos a)  
- 
- w (pGo-2i) log (w-11%) . 
0 (39) 
Finally the circulation strength r i s  determined by the scale of the plate 
length such that z - z = z(uT) - z( -1)  = 1. The result  of this calculation B A 
yields 
2 
2 l+uT -2u Ucosa(1-PUsina)  A = U(1-U ) sin a T 
(u2+uT2- 2u u cos a) ( l  +uT2u2-2uTu cos a) T 
i L 1tU cos a(1-pU s i n a )  1 u +uL-2u u c o s a  - 2 T T 2 + 2 @log (1tU t 2 U c 0 s ~ ) ~  l+uT2u2- 2u T U cos 0 
- 1 U(l+uT) sin a + 2U cos a (1 - PU sin @)tan 9 (4ob) 
1 -u uL+u(l -u ) cos 0 T T 
i nwhich  is givenby (36) and u by ( 3 l ) a n d ( 3 8 ) .  This equat iondeter-  T 
mines  the circulation r in t e r m s  of TJ and a.. 
* 
It i s  of in te res t  to note the limiting case of the fully wetted flow. 
F r o m  (36),  (38) and (31) we dedu.ce immediately that a s  U 0 ,  
p+2U s i n a  , N ( l t  u2 cos 20) /  ( Z U  cos Q) , l l T N  U cos i (41a) 
and hence f rom (40) 
2 Fur the rmore ,  i t  i s  seen  f rom (34) that z - z -+ 0 like U a s  U 4 0, B' B 
a n d f r o m  (39) that z = z ( l ) - - 0  a s  U-8.  Thus a s  U 4 0  (o r  ra ther  C 
U / q c - +  0 a s  q -+- cxp for  fixed U),  the constant p r e s s u r e  region vanishes 
C 
and the thickness of the wake reduces to ze ro ,  the flow thereby becomes 
fully wetted. The resu l t s  that u = U cos a, and r / (chord) = TU sin a T 
a r e  of course both well-known in the airfoil  theory. 
6. Lift and Drag in the Pa r t i a l  Wake Flow 
The calculation of the hydrodynal-nic forces  on the inclined plate i n  a 
par t ia l  wake flow i s  l e s s  straightforward than in the full wake flow case ,  
s ince i f  the forces  a r e  to be determined by integration of the p res su re  
difference a c r o s s  the plate,  the p res su re  on the suction side of the plate i s  
now subject to cer tain a rb i t r a ry  interpretation. However, in  view of the 
physical significance of the condition (28b), we shall  assume that the hydro- 
dynamic force acting on the plate i s  equal to that on the closed body 
BICADBB', with i t s  base  B B h x p o s e d  to a uniform base p r e s s u r e  p T'  
This assumption enables us  to calculate the force directly f rom the ex ter ior  
potential flow without considering the viscous flow s f  the r ea l  fluid within 
the wake. The force so  determined may be conjectured to inclu.de the effects 
due to the cavity formation nea r  the leading edge and the equivalent dissipa- 
tion in  this potential flow model. 
F o r  the present  purpose the Bernoulli equation may be wri t ten 
1 - 1 
p e 2 pww = p t - p u  
2 
T 2 T  - 
* 
The fully wetted flow past  a flat plate can. physically be real ized only when 
the leading edge i s  sufficiently round. 
where u i s  givenby (31)and(38) .  Acco rd ing to thea s sumpt ion~ ta t ed  T 
above, the hydrodynamic force acting on the plate i s  given by 
where the contour d denotes the path BICAB. This is  the p ressure  
integral on the closed body B K A B B 1  since p = p on BB'. The f i r s t  
T 
t e r m  of this integral is  simply 
by using (34), The complex conjugate of the second t e r m  in (43) i s  
where the contour d i s  counterclockwise around the semi-unit c i rc le  in 
W 
the w-plane. Now from the previous solution (291, (8), i t  i s  seen that the 
above integrand w df/dw i s  an analytic function of w, whose only singular- 
ity within the contour @ i s  a double pole a t  w = w at which the residue 
W 0 ' 
i s  found to be - (b + i r )wo/ 2rr. Hence, by the theorem of residues, 
where use has been made of (35). Combining X1 + i Y 1  and X2 + i Y 2  to 
obtain X + i Y , we find 
It i s  noted f rom the above resul t  that the force componez~t parallel to the 
plate, X, generally does not vanish in the partial  wake flow. In particular 
when U " 0, use of the limiting values (41a, b) in (44) yields 
x = - P u ~  sincu 
which i s  known a s  the leading edge suction in the airfoil theory. That the 
tangential force component X i s  in general not zero perhaps cannot be ex- 
plained entirely within the framework of the potential theory. Part ly this 
i s  because the approximated mechanism of dissipation takes place over a 
portion of the plate. In the rea l  physical case,  the flow pattern i s  of course 
very complex. 
Finally, resolving the force into the lift L and drag D, we obtain 
3 
and hence 
$ p U (chord) 
u 
L 
= u rri - pu (1 t 5) s i n ]  , r ta i  
where p i s  given by (36), u by (31) and (38), and r by (40). Near the T 
transition between the full wake and partial wake flows, we le t  U = U1 (see  
Equation 12) and consider the small  values of cu (since this partial  wake 
flow model becomes inadequate for  a > ~ r / 4 ) .  Fo r  such a case we derive 
f r o m  (12), (36), (31), (38) that 
1 
and f r o m  (40), r- - 2 Tra. Substituting these values in (46), (47), we 
obtain 
CL-lrcu , CD-CL , for U = U  " 4 1  . (49) 1 ' 
On the other hand, in the limiting case of the fully wetted flow, U h  0, we 
substitute (41) in (46) and (47), giving 
2 2 CL- 2 ~ r  s i n @ ,  1 - ( U  sincu) log ( U  s in cu) + O(U 
i 
2 4 cD4- Z T ~ U  s in cu coscu . ( 5 0b) 
Equation (49) coincides with (24) and ( 2 2 )  which a r e  the upper l imits  of C L 
and CD in the full wake flow for  0 4 1 ;  this indicates that the t ransi t ion 
f r o m  the full wake to par t ia l  wake flow i s  smooth for smal l  and moderate  
values of incidence angle cu. Equation (50a) shows that for  smal l  U ,  
C~ 
i s  slightly g rea te r  than the classical  aerodynamic value 2 ~ r  s in  cu and 
eventually tends to ~ T T  s in  cu a s  U -x- 0. This i s  known a s  the leading edge 
bubble effect which produces a smal l  positive camber over  the original 
flat plate airfoil .  F o r  smal l  U ,  (50b) shows that C attains a negative D 
value, which i s  very smal l  for  small  cu and i s  of sma l l e r  o r d e r  than the 
classical  leading edge suction. This rather  unfavorable resul t  may be 
attributed to the over-simplification of this ~ a r t i a l  wake flow model. 
Equations (46) and (47) a r e  plotted in F igures  2-5 for  a range of cu 
0 f r o m  2 to 40'. F o r  moderate values of cu, the resul t  shows that the 
t ransi t ion f rom the full wake to par t ia l  wake flow becomes increasingly l e s s  
smooth with increasing CY; a smooth curve in the transit ion region i s  ap-  
propriately faired-in with dashed l ines .  Fur the rmore ,  the drag has  been 
found to become negative (but smal l  in magnitude) beyond a cer tain range 
of the cavitation number D' ; this par t  of the curve i s  shown by the dotted 
l ines.  In spite of these rough approximations, the present  wake flow model 
i s  seen able to account for  the salient features  of the wake flow, a s  the 
incorporated experimental resu l t s  clearly indicate. 
This work i s  sponsored by the Office of Naval Research  of the 
U .  S.  Navy, under contract Nonr 220(35). The ass i s tance  rendered by 
Mrs .  Zora Harr i son  in the computations and graphical works and by 
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Figure 1. The free streamline model for the fully developed 
wake flow past an oblique flat plate and its conformal 
mapping plane a .  
Figure 2. Variation of C with the wake underpressure co- 
efficient r (or4he cavitation number) for  the flat 
plate. Parkin1s experiments were performed in a 
high speed closed water tunnel, whereas Silbermanf s 
experiments in a f ree  jet water tunnel, both data 
being reproduced here with u equal to the cavita- 
tion number based on the measured cavity pressure  
and without the correction of the tunnel boundary 
effect. 
Figure 3. Variation of C with cr for  the flat plate (same D legend a s  Figure 2). 
Figure 4. Variation of C over an extended range of cr to cover L both the fully and partially developed wake flows pas t  
the flat plate, the transit ion between these two regimes 
of wake flows being appropriately faired-in with dashed 
l ines .  The experiments of Fage and Johansen were  
ca r r i ed  out in a wind tunnel, the resul ts  being reproduc- 
ed  with the wake underpressure coefficient IT based on 
the m ~ a s u r e d  constant base p res su re  and without the 
correct ion of the tunnel wall effect. 
Figure 5. Variation of C over an extended range of o- for  the D flat  plate. The dashed lines fo r  cr > 1 a r e  not the 
theoretical resu l t s ,  but a r e  shown to indicate what 
would be expected on physical grounds. 
1 .o 
0 
C~ 
PRESENT THEORY 
o FAGE & JOHANSEN DATA 
- 1.0 u =  1.380 
Figure  6 .  P r e s s u r e  distributions on the wetted and separated 
s ides  of the oblique plate. The experimental resu l t s  
of Fage and Johansen were obtained by reading graphs 
in their  paper since tabulated data were  not available. 
FAGE €3 JOHANSEN DATA 
0 a = 9 0 °  
F i g u r e  7 .  V a r i a t i o n  of the a s y m p t o t i c  w id th  of the w a k e  w i t h  6 . 
z - plane 
f - plane 
w - plane 
I - "  
Figure 8.  The f ree  s t reamline model for  the partially developed 
wake flow past  an oblique flat plate and i ts  conformal 
mapping planes . 
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